The plant shoot apical meristem holds a stem cell niche from which all aerial organs originate. Using a computational approach we show that a mixture of monomers and heterodimers of the transcription factors WUSCHEL and HAIRY MERISTEM is sufficient to pattern the stem cell niche, and predict that immobile heterodimers form a regulatory "pocket" surrounding the stem cells. The model achieves to reproduce an array of perturbations, including mutants and tissue size modifications. We also show its ability to reproduce the recently observed dynamical shift of the stem cell niche during the development of an axillary meristem. The work integrates recent experimental results to answer the longstanding question of how the asymmetry of expression between the stem cell marker CLAVATA3 and its activator WUSCHEL is achieved, and recent findings of plasticity in the system.
INTRODUCTION
The shoot apical meristem (SAM) is a dome shaped tissue located at the tip of the shoot. The stem cell niche it harbours is at the origin of all the aerial plant organs, making it a critical regulator of plant development. 1 It remains active over the lifespan of the plant, continuously providing new cells for developing organs while maintaining its shape and specific gene-expression domains stable; a feat enabled by a tight homoeostatic control.
This control is largely dependent on the CLAVATA/WUSCHEL (CLV/WUS) negative feedback loop. 2 A dialogue between the apex of the SAM-the stem cell domain-and its centre is carried out by the transcription factor WUS and the CLAVATA signalling system. WUS is specifically expressed in a central domain; diffusing, it promotes stem cell fate at the tip of the SAM and represses differentiation at its periphery. [3] [4] [5] [6] The CLV3 peptide is expressed in the stem cell domain, and is activated by WUS. It diffuses towards the inner layers of the meristem where, upon binding the CLV1 receptors, it represses the expression of WUS, thereby closing the feedback loop. 7, 8 The antagonism between WUS and CLAVATA signalling is reflected in their perturbations: wus plants exhibit small or even arrested meristems, while clavata plants have massively enlarged meristems associated with increased organ counts.
The expression of WUS is promoted by cytokinin, making the plant hormone a major factor controlling the SAM homoeostasis. [9] [10] [11] [12] The expression domains of the enzymes catalysing the synthesis of the active hormone and its receptors stress the importance of the dichotomy between the external cell layers and the inner tissue of the meristem, which can explain the scaling of the SAM domains with its size. 13 The current spatial descriptions of CLV3 regulation, and by extension, of the activation of stem cells, suggest a co-activation by WUS and either an apical 14 or epidermal 5, 6, 13, 15, 16 hypothetical signal, to generate an asymmetry between the stem cell domain and its main activator WUS. When it comes to the CLV3 expression domain, the triple hairy meristem (ham) mutant displays a particularly puzzling phenotype. 17 In this mutant, CLV3 is expressed in the centre of the meristem, overlapping with the expression domain of WUS; the apical or epidermal activation of CLV3 seem difficult to conciliate with this observation.
The HAM transcription factors were recently shown to dimerise with WUS, with which they share multiple transcriptional targets. Among the HAMs, HAM1 and HAM2 were also shown to be expressed mostly within the inner tissue of the meristem, 18 in a pattern reminiscent of the cytokinin receptors. 13 In the following, we explore the hypothesis that the HAM-WUS dimer represses the expression of CLV3 away from the WUS domain, inspired by the reported central expression of CLV3 in the meristem of ham plants. We first show experimentally that the expression pattern of HAM1 and HAM2 scales with the size of the meristem while remaining mainly expressed in the inner tissue layers; a pattern consistent with an epidermal repression of the two genes. We show that an activation of CLV3 by WUS monomers together with a repression by HAM-WUS dimers is sufficient to pattern the stem cell domain while explaining the triple ham mutant, both using a two-dimensional (2D) representation of the meristem and a three-dimensional tissue template generated from confocal microscopy. The resulting model reproduces the asymmetry between WUS and CLV3 expression domains and multiple experimentally described perturbations of the system. It allows for a plastic stem cell domain location and can provide an explanation for this recently observed developmental phenomena.
RESULTS
The expression domains of HAM1 and HAM2 scales with meristem size The expression domains of HAM1 and HAM2 were described in ref. 18 In both cases, the gene expression was markedly stronger in the centre of the meristem than close to the epidermis. Since it is not known what regulates the HAM expression, we introduced perturbations to get an indication of the regulatory motif. To do so, we grew plants in different conditions, such that their SAM size would vary. Whatever the size of the meristematic tissue, the expression of both HAM1 and HAM2 is weak or null close to the epidermis, and relatively stronger in a large central domain in the rib meristem ( Fig. 1a, b ). Primordia also appear to have a strong influence on the pattern; HAM1 and HAM2 expression are at their strongest where organs emerge.
The expression pattern of the two genes scales with the meristem size, while always avoiding the outer layers of the central SAM. This is consistent with a repression of HAM expression by a signal originating in the epidermis, as previously suggested for the cytokinin receptors, 13 and this hypothesis for HAM regulation will be further explored in the following.
An epidermis-driven model explains the expression pattern of the stem cell domain Given the HAM domains spatially overlap with WUS, a WUS-HAM dimer would be expected to have its concentration peak in the WUS domain and would therefore be an excellent candidate to explain the exclusion of CLV3 from wild-type (WT) meristems, as opposed to ham meristems. However, explaining the apical expression of CLV3 with a combination of two factors expressed directly below is less straightforward, and to explore the hypothesis that HAMs together with WUS, via their physical interaction, are able explain the patterning of the stem cell niche in the SAM, we developed a differential equation model for the spatial expression domains.
In the model (Fig. 1c ), WUS expression is regulated by two epidermis-originating morphogens, forming a regulation resembling an incoherent feed-forward motif, 19 (IFF-like, notably allowing a non-monotonic function of the distance to the L1); cytokinin acts as an activator while a second signal abstracting the repression of cytokinin receptors from the L1 acts as an inhibitor. 13 As suggested by the scaling of HAM1 and HAM2 with the SAM size ( Fig. 1a, b ), a third epidermis-originating signal represses the expression of HAMs and HAMs, due to their functional redundancy, 17 are considered as a single entity. WUS monomers can dimerise with HAM monomers, proteins undergo passive diffusion-like transport (between cells) in the tissue. 5, 20 Finally, WUS monomers activate the expression of CLV3 while WUS-HAM heterodimers repress the expression, and CLV3 peptides can move in the tissue and repress the expression of WUS.
The model describes the RNA concentration variations of WUS (W), CLV3 (C) and HAM1/HAM2 (H), their corresponding proteins and peptides (WUS monomers (w), CLV3 (c), HAM1/HAM2 monomers (h), HAM-WUS dimers (d)) and the three positional signals produced by the epidermis (cytokinin (L c ), the Arabidopsis histidine kinase (AHK) repressor (L a ), the HAM repressor (L H )). L and S define the epidermal and meristem-stem boundaries, respectively. Gene expression is described with either Hill functions or Shea-Ackers formalism, 21 molecular transport between cells is passive, diffusion-like, and other reactions follow mass action. Each cell of the meristematic representation is described by the following system of ten equations:
A more detailed model description and the model parameter definitions are provided in Materials and methods.
The SAM geometry is described as a half disk, the curved part of its perimeter representing the epidermis and its flat part the connection with the plant stem. This representation allows for simple deformations to mimic SAM size and shape dynamics upon mutations or growth condition variations ( Figure S1 ). Model parameters are optimised to reproduce manually defined domains approximating experimental expression for WUS, HAM and CLV3 at equilibrium (Materials and methods, Figure S2) . Notably, the model achieves to reproduce the expression domains of WUS, HAM and CLV3, and multiple successful parameter values are found with the heuristic optimisation procedure ( Fig. 1d -note that the expression domains of HAM1 and HAM2 are represented by a single homogeneous domain covering the inner part of the meristem). Three broadly different behaviours were identified in the resulting parameter sets ( Figure S3 ). In two of them, the HAM-WUS heterodimers organise in a pocket surrounding the stem cell niche (miniature meristems in Fig. 1d ). One case shows WUS monomer concentration peaking in the WUS expression domain, the expression domain of CLV3 is in this case thus mostly delimitated by the repressing HAM-WUS heterodimers; this behaviour will be referred to as "pocket repressor" in the following. The second behaviour displaying a pocket of heterodimers sees WUS monomer concentration peaking in the stem cell domain, directly activating CLV3 and the WUS activation plays a prominent role in delineating the CLV3 domain; this behaviour is named "pocket activator". Finally, the last scenario results in the concentration of all actors of the system peaking along the central vertical axis of the meristem and will be referred to as "central axis". Similarly to "pocket activator", this last case sees WUS monomers peaking in the CLV3 domain. The three categories are displayed according to their categorisation rules in Figure S3 and on a planar projection of the parameter space in Figure S4 .
As all three alternative behaviours can explain the WT geneexpression domains in the SAM, further analysis is required to assess their biological relevance.
The behaviour of the system hinges on protein differential mobility First, we analysed the differences between the defined solutions in terms of predicted protein monomer and dimer mobilities. At equilibrium, the shape of the gradient formed by a diffusing molecule is controlled by the ratio between its diffusion rate and consumption rate, this ratio is in the following referred to as mobility. As described in ref. 13 , the epidermis-originating morphogens with a ratio favouring diffusion form a shallow gradient (i.e., cytokinin and acting at long range), while those favouring degradation fall sharply (i.e., the short-range AHK repressor). Together these signals form the IFF-like regulation of WUS generating the adaptive scaling of the expression domain to the size of the meristem.
In the model, WUS and HAM monomers influence the mobility of each other. Indeed, if a WUS monomer is in the presence of 13 The epidermis also represses the expression of HAM. HAM and WUS monomers can heterodimerize; WUS monomer induces the expression of CLV3 while the heterodimer represses it. Finally, the CLV3 peptide represses the expression of WUS. d Parameter optimisations result in three possible behaviours. The panel presents the expression of WUS, CLV3 and HAM on a colour scale varying from blue (no expression) to green (optimisation target expression) to red (twice the target expression). HAM-WUS dimers and WUS monomers are plotted on a relative colour scale varying from blue (minimal concentration) to red (maximal concentration). Additionally the outline of the pocket formed by the HAM-WUS dimers is displayed (smaller meristems), in blue are concentrations below the maximal value found in the epidermis and in red are concentrations above this value sufficient HAM monomers, rather than diffusing, it will likely be recruited to form a dimer. This also applies to HAM monomers in the presence of a large amount of WUS monomers. As the WUS and HAM expression domains are different, the mobility of the monomers is influenced by their location within the meristem. HAM-WUS heterodimers are consumed by degradation and dissociation. The efficiency of those two reactions is not influenced by secondary species, nor is their diffusion rate; the moblility of the dimers does not vary across the tissue.
We analysed the mobility of the two monomers and the dimer across the central axis of the SAM (Fig. 2 ). For each of the three categories, and as expected, WUS monomers are more mobile close to the apex of the tissue, where relatively little HAM is found, compared to close to the stem, where HAM is expressed. The opposite holds true for HAM monomers for all three categories as HAM monomers are more mobile close to the stem than they are at the apex. However, the three categories can be differentiated when monomer mobility is compared to dimer dynamics. In the "central axis" category, dimers are the most mobile of the three species. For the "pocket repressor" category, dimers are the least mobile species. For the "pocket activator" category, the dimer mobility is between the maximum and minimum mobility of both dimers.
It has been suggested that WUS moves between cells via the plasmodesmata, and that the size (e.g., number of green fluorescent connected to WUS) can be restrictive for the mobility. 5, 20 Given this, the fast moving dimers observed in the "central axis" category would be a less likely scenario.
Perturbations expose behavioural differences between model categories Next, we explored various perturbations of the system to expose possible variations in the response of the three different categories. In particular we implemented models representing clv, ham and pCLV3::WUS mutants along with changes of the tissue size. These perturbations are selected for having interesting changes to CLV3 and WUS expression domains and characteristic changes in meristem size and shape ( Fig. 3) .
A prerequisite for any model aiming at describing the stem cell dynamics of the SAM is the ability to reproduce the clavata mutants. Abolishing the feedback between CLV3 and WUS yields fasciated meristems showing a reorganisation of gene-expression domains; CLV3 and WUS are expressed in two band like domains spanning the entirety of the upper cell layers of the expanded tissue 13, 22 (with CLV3 expression in the three to four first cell layers and WUS expression from the third cell layer, the genes notably overlap in the third cell layer).
To investigate the mutant behaviour across parameter values for the three categories, the expression of CLV3 and WUS in WT and in a clavata fasciated meristem was analysed along the central axis ( Fig. 4 ). Little differentiates the three categories, and all display an increase of the expression of both genes. If analysed in more detail, the spatial overlap of the two gene-expression domains is, however, generally larger in the "central axis" and "pocket activator" categories (high CLV3 expression through more than half the WUS domain) than it is for "pocket repressor", where the latter category presents on average a behaviour closer to observations. 13 The triple ham mutant phenotype, where CLV3 and WUS expression overlap in a central domain, 17 is another critical feature for the model to achieve. We analysed the relative expression of CLV3 and WUS along the central axis of the meristem in simulations where the expression of HAM is null ( Fig. 4 ). All three model categories have parameter values from the optimisation that can achieve a central expression of CLV3. Within each category, however, the domain is more or less broad and in some cases the domain even encompasses the whole tissue. The expression of WUS, activated by its epidermal IFF-like motif, is always expressed in a central domain. Due to the overlapping expression of CLV3, repression increases and WUS is consistently less expressed compared to WT. Existing data does not suggest a massive drop of WUS expression in ham mutants, suggesting that either the mutation affects components of the system not modelled in this study (such as CLV3 receptors) or that the CLV3 effect on WUS expression is somehow buffered, as previously suggested. 23 A third mutant with an interesting and non-trivial phenotype is the pCLV3::WUS described in ref. 24 . Plants in which WUS expression is driven by CLV3 promoter exhibit a massively enlarged meristem in which both CLV3 and WUS are expressed in the three outermost cell layers of the tissue. While the direct activation of CLV3 by an hypothetical L1 originating morphogen provides a straightforward way of achieving this behaviour, 6, 13 it is not obviously the case when WUS and HAM interactions control the activity of the CLV3 promoter. The characteristic expression domains of CLV3 and WUS in this mutant can also be displayed along the central axis ( Fig. 4) . Notably, a large proportion of the "pocket repressor" models achieve a correct representation of the experimental data, yet many of them fail the test and result in a situation where both genes are expressed at high levels across the whole tissue. The two other categories display such flat expression behaviour in a majority of the parameter values, and when they achieve an expression constrained to the outer cell layers, they do encompass more layers compared to what is seen in experimental data. Once again, the "pocket repressor" models fit data more closely than the other categories.
Finally, we tested the resilience of the WT models to an increase of the tissue size ( Fig. 4) . "Pocket repressor" models behave more closely to what is seen in experiments in this situation, 13 where a large majority of them maintain correct expression patterns (central WUS domain surmounted by an apical CLV3 domain). In the two other categories the spatial segregation of the expression domains often breaks down, and results in a centrally expressed CLV3 domain.
The various mutants explored show a variety a behaviours for each of the categories, with the "pocket repressor" category generally achieving the best results. In order to assess the ability of a single subset of parameters to correctly describe all tested behaviours, we singled out the parameter sets best describing the pCLV3::WUS mutant ( Fig. 5 , designated as "pocket repressor +", see Materials and methods). When the "pocket repressor +" parameter sets were tested against the other mutants, they also proved more successful than the rest of the category ("pocket repressor −"). We further explored the mobility of the monomers and dimers for these two categories (Fig. 5 ). The "pocket repressor +" parameter sets are the parameter sets exhibiting the traits separating the three original categories to the strongest extent; the dimers are the least mobile and display a large mobility differential with the monomers.
The position of CLV3 shifts as HAM concentration varies Recent studies have stressed the dynamics of CLV3 expression, providing interesting test cases for the HAM-based model. Notably, during the development of axillary meristems in the leaf axils, a WUS domain is established centrally in the tissue followed by an overlapping CLV3 domain. As the meristem matures, the CLV3 domain gradually shifts from its central position to the tip of the organ. 25 The WUS-HAM model can reproduce this shifting behaviour of CLV3 expression by manipulating HAM production ( Fig. 6a ). This suggests that during the development of axillary meristem the WUS and CLV3 domains are first established, followed by a gradual expression of HAM proteins. As the HAMs reach their normal expression, the CLV3 domain shifts from the centre of the organ to its tip.
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This observation also relates to recent observations made in plants with an altered CLV3 promoter. As WUS binding sites are deleted, the expression of CLV3 can be shifted to different locations between the apex and the the centre of the meristem. 26 The authors discuss multiple hypothesis to explain the phenomenon, involving either WUS and WUS homodimers and/or possibly the involvement of the HAM proteins. Using an optimisation approach similar to the one described for the WUS-HAM model (Materials and methods), we were not able to achieve a correct patterning of CLV3 in models exclusively using WUS monomers and homodimers when the number of dimensions of the geometrical template is higher than one ( Figure S5 ). This leads us to favour the HAM-WUS hypothesis, compared to a WUS-WUS hypothesis as the main regulator of CLV3 expression patterning.
The model is able to describe gene-expression patterns on a realistic 3D meristem geometry To confirm that a 3D geometry or meristem-specific cell neighbourhood topology does not affect the ability of the model to explain the SAM patterning, we applied the developed optimisation strategy to a 3D cell-segmented meristematic tissue 13 (Materials and methods). The description comprises cell volumes and cell contact surfaces for a meristem and early flower primordia. Optimisations resulted in models that successfully describe the gene expression of WUS, HAM and CLV3 (Fig. 6b) , confirming that the regulatory network in the model is sufficient to generate the SAM patterns. The size of the tissue makes optimisations more difficult and prevents collecting enough parameter sets for a rigorous exploration of the parameter value space. Still, all seven obtained parameter sets belonged to category "pocket repressor". While this analysis does not refute that it is possible to find parameter sets of the other categories, this is an indication that the "pocket repressor" category might be the best descriptor of existing data.
DISCUSSION
In this work, we show that two genes (WUS and HAM) expressed within the inner layers of the meristematic tissue are sufficient to pattern the apical stem cell niche of Arabidopsis thaliana. Contrary to previous studies hypothesising a direct regulation of CLV3 by Fig. 2 The dimer mobility is computed following D gþb and monomer mobility following D gþf ½P with D the diffusion rate of the considered molecule, g its degradation rate, b dimers dissociation rate, f dimers formation rate and [P] the concentration of the monomeric partner of the considered monomer. For all three panels, the y-axis is the mobility on a logarithmic scale, the x-axis is the central axis of the meristem, with the stem to the left and the apex to the right. For each considered molecule (WUS: red, HAM: green and HAM-WUS: blue), and each position, the mobility value is presented as a boxplot encompassing all optimised parameters belonging to one of the three parameter set categories (the boxes mark the upper and lower quartiles of the data and the line the median, the whiskers extend to 1.5× interquartile range)
either apical or epidermal signals, the model, based on recent experimental data, achieves the plasticity required to explain the WT and non-apical expression of CLV3 observed in multiple cases: ham, 17 mutations of CLV3 promoter, 26 lateral buds. 25 This plasticity is achieved through the double negative feedback, where the epidermis represses HAM, itself repressing CLV3 together with WUS, and the adaptive scaling of the HAM expression domain itself to meristem size was confirmed in experiments where plants were grown under various nutrient conditions.
Due to the scarcity of available experimental data, we chose an exploratory strategy allowing, not only to test the potential of the model to describe the stem cell niche, but also to explore various ways of doing so. Out of three identified categories, one exhibits a more biologically probable behaviour. In the "pocket repressor" category, where the HAM-WUS dimer forms a pocket repressing the expression of CLV3 both WUS and HAM monomers are more mobile than the dimer they form. In the "pocket repressor +" subcategory, where this diverging behaviour is even more pronounced, the model successfully represents a host of perturbations of the system, including mutants and tissue size modifications; the other categories fail to consistently achieve such results.
The main feature of the category of models able to reproduce experimental data are the repressing pocket formed by the heterodimer of WUS and HAM. While the protein mobility fits well with data on WUS, which have been shown to move between cells via plasmodesmata and where this movement is necessary for correct meristem regulation, 5, 20 this has yet to be confirmed for HAM proteins. Immobile HAM proteins would require a different expression pattern, closer to the repressing pocket, presently achieved via protein mobility.
Similarly, while WUS and HAM have been shown to have shared transcriptional targets, 18 an alternative might be that HAM regulation comes solely from depleting part of the meristem from WUS monomers and hence indirectly inactivating CLV3 expression. This can lead to a similar equilibrium regulation of CLV3 expression, but would more closely resemble the situation of the "pocket activator" than the "pocket repressor" category of solutions, and hence direct repression by the dimer is predicted by the model. Combining the "pocket repressor" category with inactivation by WUS depletion would require the intervention of additional species to repress CLV3 from the centre of the meristem, such as WUS-WUS homodimers. This would however affect the ability of the model to reproduce ham mutants, where CLV3 is expressed where the concentration of all forms of WUS would be highest.
Finally, in this model and as in ref. 13 , the main spatial readouts regulating the expression profile of cells are various signals originating in the epidermis (such as the long-range diffusing cytokinin or the short-range signals repressing cytokinin activity and HAM expression). As such, modifications of the geometry of the meristematic tissue are directly translated into modifications of the gene-expression domains, possibly explaining how the meristem can adapt the size of its stem cell niche to the size of the host tissue. The handling of HAM in the model additionally allows it to exhibit a plastic positioning of the stem cell niche, and hence to predict recent experiments displaying such plasticity. 17, 25, 26 
MATERIALS AND METHODS

Plant material and imaging conditions
The pHAM1::YPET-N7 and pHAM2::YPET-N7 reporter lines (Ler background) have been described previously. 18 Plants were grown on soil (Levington F2), on a mixture of half soil and half sand, and watered with or without 1/ 1/1 fertiliser (Vitafeed Standard) and placed in a constant light room (24 h light, 22°C, intensity: 160 μmol m −2 s −1 ) until bolting stage. Imaging was performed as follows: the main inflorescence meristem was cut, dissected under a binocular stereoscopic microscope to remove all the flowers down to stage 3 (as defined in ref. 27 ) and transferred to a box containing an apex Fig. 3 Each panel plots either the expression of WUS or CLV3 in various scenarios (wild type, clavata, ham, pCLV3::WUS and large meristem) using an example parameter set from the "pocket repressor" category and where parameters have been adjusted to represent the mutants (Materials and methods). The colour map for wild type, clavata and large meristems is the same, varying from blue (no expression) to red (twice the wild-type target expression for optimisations (green) and any value above). The colour map in the ham and pCLV3::WUS scenarios varies between blue and red (minimum and maximum gene expression in the considered settings)
culture medium as described in ref. 28 Meristems were imaged in water using a 20× long-distance water objective mounted on a LSM780 confocal microscope (Zeiss, Germany). Z-stacks of 2 μm spacing were taken. Zprojections (Sum slices) and orthogonal sections were performed using the ImageJ software (https://fiji.sc/). The plant count for every conditions was: pHAM1::YPET-N7: . In all panels, the activity of CLV3 and WUS promoters is plotted along the central axis of the meristem with the stem to the left and the apex (L1) to the right. For the wild type and clavata meristems, the median, first and last quartile of the absolute expression in a category is plotted. For the three other categories, the relative expression along the axis is plotted. For each perturbation, miniature meristems show the difference between wild-type meristems and perturbation meristems (C-clavata, P-pCLV3::WUS and L-large meristem; the wild-type meristem is used for the ham perturbation.)
Computational methods
The following describes the differential equations defining the model, the structure used to represent the meristem as well as the methods used to find the equilibrium of the system of differential equations and to optimise model parameters. Methods for the latter are in large following previous work. 13 The section first focuses on the methodology developed to optimise the 2D HAM-WUS model, then we present the modifications to that methodology implemented to test the WUS-WUS model and to optimise the HAM-WUS model on the segmented meristematic tissue.
2D meristem geometry and topology
A grid is used to represent the meristem ( Figure S1 ). Centred on the bottom left corner of the grid, a quarter of a circle is drawn; if the centre of a grid cell is located within the circle the cell will belong to the meristem representation.
The boundaries of the meristem representation are straightforwardly extracted from this representation:
• Cells at the bottom of the grid belong to the sink, connecting the meristem to the stem of the plant (this boundary is discussed in the section: lower boundary condition).
• Cells on the left row of the grid are at located in the centre of the meristem representation. This boundary is implemented as symmetric, allowing the computations to be limited to half the meristem representation.
• Cells located on the edge of the circle are the cells of the epidermis.
For a total number of cells belonging to the meristem, n, the sink S and the epidermis L are exported as size n arrays in which each cell is given a value of 1 if belonging to the said boundary and 0 if not. Similarly, each variable of the model is stored as an array of size n.
The neighbourhood N is exported as a n × n matrix where N ij = 1 if cells i and j are neighbours and N ij = 0 if not. The diagonal N ii records the amount of neighbours of i; cells belonging to the symmetric boundary have an additional neighbour representing their connection with the abstracted other half of the meristem.
The tissue template includes 732 cells, the entire model thus counts 7320 equations (10 equations × 732 cells).
Gene expression
WUS and HAM RNA production is modelled with Hill functions. For a set of N A activators A a and N I inhibitors I b , the concentration of a RNA X varies as
with V, the maximal rate of RNA production. The Hill constants k set the required concentration of activators or inhibitors to switch a gene between its active and inactive states. The Hill coefficients n control the slope of the Fig. 5 In the top row and following the conventions of Fig. 4 , the parameter sets achieving the best description of the pCLV3::WUS mutant are selected and coloured (pocket repressor+), leaving the rest in grey (pocket repressor −). The two sub-categories are mapped on the other two perturbations, following the same colour scheme. The two bottom panels present the mobility of WUS, HAM and HAM-WUS for the pocket repressor + and pocket repressor − categories, following the conventions of Fig. 3 The interaction of transcription factors controls they J Gruel et al.
transition between states. g X is the degradation rate of the RNA. The equilibrium of X is given by
The production of CLV3 RNA, C, is modelled following Shea-Ackers dynamics, 21 describing the binding dynamics of transcription factors on a promoter. Considering a single binding site able to bind either WUS monomers, w, as activators or WUS-HAM dimers, d, as a inhibitors, the regulation is given by
with V C the maximal rate of transcription, k w and k d the association constants for the WUS monomer and the WUS-HAM dimer. g C is the degradation rate of the RNA. The equilibrium concentration of CLV3 RNA is given by
Molecular transport
Molecular movement between cells is modelled by a passive diffusion-like transport. Such diffusing molecules are produced by a gene-expression domain (WUS, CLV3 and HAM) or the L1. This domain is referred to as P, a vector of cell RNA concentrations for gene expression or a vector of 1 or 0 indicating that a cell belongs to the L1 or not. The domain is associated to a production rate p x for molecule species x.
The bottom cell layer of the tissue represents the sink, S. As for the L1, it is a vector of 1 and 0. In those cells, diffusing molecules undergo degradation equal to their diffusion rate D x , approximating a continued flux into the non-modelled tissue below the meristem. Diffusing molecules also undergo a passive degradation of rate g x .
For a vector of concentration of a diffusing molecule x, we have
where Δ is the Laplace operator; transport in the model is assumed to be passive. For a cell i with n i neighbours j, the diffusion of x follows the discretised version
The equilibrium state of the considered molecule is found by solving
This is done with the sparse.linalg.spsolve function of the SciPy Python package.
Parameter values
We used binarized expression domains derived from the confocal microscopy data as target expression domains ( Figure S2 ). We do not expect the model to perfectly reproduce these domains, and as such we are interested in finding sets of parameter values that reasonably well reproduce the patterns. We do not trying to obtain a single globally optimal set of parameter values, but rather explore the model behaviour for a sub-space of parameter values able to reproduce the expression patterns. In practice, we ran a parameter optimisation algorithm multiple times and extracted multiple parameter sets, and in the following each of these are referred to as "optimised parameters". Similarly, we use "optimised domains" to refer to expression domains resulting from a model parameterised with an optimised parameter set. Fig. 6 a CLV3 domain shift. For the example parameter set, the production of the HAM genes varies from 0 to 1, the factor is indicated along each panel. The colour scale for CLV3 expression varies from blue (null) to dark red (twice the wild-type expression and above). b Example behaviour of a parameter set optimised on a realistic template. The gene-expression colour map for genes is blue for no expression, green for optimisation target expression, red for twice the target expression and any value above. The colour map for the monomers varies from blue (minimal concentration) to red (maximal concentration). In order to facilitate the visualisation of the pocket formed by the dimer, any value above the maximum dimer concentration in the L1 is displayed with red; blue indicates a low concentration A multi-step model-specific optimisation strategy was designed to infer the parameter values of the model. The main difference with the strategy presented in ref. 13 is the dimerisation of HAM and WUS that introduces additional non-linearities in the model; this step is solved with the Newton's method.
The strategy, detailed afterwards, can be summed up as follows:
1. WUS domain is optimised for an induced clavata phenotype. 2. WUS domain is optimised for a WT phenotype. 3. CLV3 and HAM domains are optimised for a WT phenotype. 4. CLV3 and HAM domains are optimised for WT and CLV3 is optimised for clavata and ham phenotypes. 5. CLV3 peptide is optimised to match step 2. 6. The equilibrium of the whole system is computed for wild type and clavata and ham phenotypes. All optimisations are carried out with the L-BFGS algorithm from the SciPy Python package, the parameter values are bounded by [10 −8 :10 8 ]. After each step described above, the subset of optimised parameters (see below) are kept as fixed values in the following steps. The optimisations resulted in 658 acceptable parameter sets for 1600 runs of the optimisation procedure, which ran over a few days on a standard PC. All optimisations started with parameters randomly distributed over [10 −2 :10 2 ].
In the following, diff(P) will refer to computing the equilibrium concentration of a diffusing molecule across the tissue, given a production domain P. P is a cell vector containing either ones (L1) or zeros (non-L1) if the production domain is the L1. P is a cell vector of RNA concentrations if it refers to the expression domains of WUS, CLV3 or HAM1/HAM2 (the equilibrium computation is described in the Molecular transport section). Similarly, eqð½A 1 ; ; A NA ; ½I 1 ;
; I NI Þ will refer to computing the equilibrium of a gene expression regulated by N A activators A and N I inhibitors I (both activators and inhibitors are cell vectors of diffusing molecule concentrations; the equilibrium computation is described in the Gene expression section); note that WUS and HAM are computed with Hill functions while CLV3 uses Shea-Ackers.
Target expression domains for WUS, CLV3 and HAM1/HAM2 were manually defined on the optimisation template (W t , C t and H t - Figure  S2 ). They are cell vectors containing ones (cells expressing the considered gene) or zeros (cells not expressing the gene).
(1) WUS expression domain. The first step optimises the WUS domain for a clavata phenotype; the only regulators of WUS here are cytokinin and the AHK repressor, both modelled as morphogens produced in the L1.
The equilibrium for the WUS (W 1 ) domain is computed following:
The cost function minimises the difference between the equilibrium WUS domain and an increased target WUS domain (W t × 1.5):
where the values for W 1 and W t are from the individual cells i. Parameters k Lc , k La , p c , D c , g c , p a , D a and g a are optimised. As CLV3 is not considered in this step, the equation describing WUS dynamics is reduced to (2) WUS expression domain. The second step adds CLV3's effect on WUS; the peptide is produced by the CLV3 target domain. The optimisation minimises the difference between the WUS domain and the WUS target domain. The equilibrium of the WT WUS domain is given by
k nc c k nc c þ ½c t nc ; and the cost function is
Parameters k c , p c and D c are optimised, and n c = 2 and g c = 1 are kept constant (together with parameters optimised in step 1).
(3) CLV3 and HAM expression domains. This step minimises the difference between CLV3 and HAM1/HAM2 domains and their target domains C t and H t . After W and H equilibria are obtained, the equilibrium for the non-linear w, h, d sub-system can be computed using the Newton's method leading to the equilibrium for C.
With F(x,W,H) the 3i length system containing Eqs. (4)-(6) for all cells, J(x, W,H) its (3i) 2 Jacobian matrix and N(F(x,W,H),J(x,W,H)) the Newton's method applied to find the root of the three-equation system, the equilibrium of CLV3 and HAM is obtained as follows: The cost function to minimise is given by
Optimised parameters are: (4) CLV3 and HAM expression domains. This step uses the previously optimised parameter values as an initial guess to start a second broader optimisation. Here, CLV3 and HAM domains are optimised for WT and CLV3 is optimised for clavata and ham phenotypes.
With C c and C h the equilibria of CLV3 in clavata and ham phenotypes, the equilibria for the different genes and conditions are computed by the following procedure: The cost function is given by:
with weights ω 1 = 0.04 and ω 2 = 0.2. Parameters k LH , p LH , D LH , p w , D w , p h , D h , f, D d , V C , k w , k d , g h , g w , g d and b are re-optimised.
(5) CLV3 peptide gradient. In this step, the CLV3 peptide gradient produced by the CLV3 domain optimised in the previous step is fitted to the gradient obtained in step 2, and produced by the target CLV3 domain. C at equilibrium is computed following:
The cost function is given by
Parameters p c , D c and g c are optimised.
(6) Equilibrium of the complete model. In the final step, the previously optimised sub-parts of the model are assembled and the equilibrium of the full model is computed. The following algorithm is used. It progressively introduces the feedback loop to the clavata mutant to find the global equilibrium of the system. After multiple optimisation runs, the parameters kept for further analysis are those where P i ðC À C t Þ 2 <15 when the system is in equilibrium.
Parameter sets categorisation
Parameter sets are categorised based on the layout of monomers and dimers obtained at the equilibrium of the model. In the following, we consider the 2D coordinate system with the origin at the centre of the lower boundary. In this system, the apex of the meristem has coordinates (0,30) and the rightmost point belonging to the tissue has coordinates (30,0).
A pocket of dimers is observed if the concentration peak of dimers in the epidermis is not observed at the apex of the meristem. Following this, we categorised as "central axis" the parameter sets displaying an epidermal peak of monomers at the apex of the meristem.
In order to differentiate the rest of the parameter sets, we explored the position of the concentration maximum of WUS monomers along the central axis of the meristem (y-axis). Parameter sets having their maximum in the pocket (y ≥ 21) belong to "pocket activator", and parameter sets having their maximum outside the pocket (y ≤ 17) belong to "pocket repressor".
Optimised parameter sets are displayed in Figure S3 according to these categorisation rules. They are also displayed in Figure S4 according to a linear discriminant analysis where the base 10 logarithm of parameter values were centred and scaled before running the linear discriminant analysis from the scikit-learn python package.
The pCLV3::WUS mutants display a enlarged meristem where both WUS and CLV3 exhibit a relatively strong expression in the outer layers of the tissue. 24 In order to select the parameter sets displaying a behaviour matching the experimental data as "pocket repressor +", we retained the parameters presenting a low expression of the two genes in the centre of the meristem. To create a selection criteria, we first normalised the expression values of WUS and CLV3 between 0 and 1 (the maxima are always found in the L1 for this mutant). In the large pCLV3::WUS meristems, where the apex cell has coordinates (0,45), "pocket repressor +" parameter sets have normalised WUS below 0.5 in cells (0,20) and (0,30), and normalised CLV3 below 0.5 in cell (0,30).
WUS-WUS model
In order to test a model in which the combination of WUS monomers and WUS-WUS homodimers would regulate the expression of CLV3, we used the same core model as previously described.
We removed the equations referring to HAM transcription and HAM monomer (Eqs. (2) and (5)). Eq. (6), describing the dimer dynamics, was modified to
and Eq. (4), describing WUS monomer dynamics, was modified to
Finally, the components of the optimisation procedure related to HAM expression were left out. Example results obtained with this approach are presented in Figure S5 .
Realistic template
The main difference for the 3D template compared to the 2D template is the use of cell volumes and cell contact surfaces as obtained from the segmentation of the confocal imaging of a meristem tissue. 13 The equation controlling the molecular transport of x becomes:
for a cell i with n i neighbours j, with V i the volume of cell i and C ij the contact surface between cells i and j. Hill coefficients from the optimisations in ref. 13 were kept: n LcW ¼ 7:25968619416, n LaW ¼ 1:99109438845, n c = 6.66419523049 and in addition n lH = 6 was fixed. Other parameter values were found by the same optimisation strategy as used for the 2D templates.
Lower boundary condition
In the model, we chose to describe the bottom boundary of the meristem template as a sink, abstracting the larger tissues below the meristem along with the forming vasculature (as previously used in ref. 13 ). The boundary removes molecules from the system based on their diffusion rate, effectively affecting molecules with a high diffusion coefficient the most.
We analysed the gradient of the epidermal morphogens controlling the expression of WUS (cytokinin and AHK repressor) for all optimised parameter sets ( Figure S6 ). While cytokinin falls sharply almost to a null value at the boundary, AHK repressor reaches a quasi null value much closer to its production site; cytokinin having a high mobility is highly affected by the boundary while AHK repressor is virtually not affected. Note, the cytokinin gradient is particularly sharp because the optimisation algorithm is minimising the difference between the WUS binary template, and the domain obtained from the Hill functions describing WUS in the model. As the Hill coefficients are fixed, the most efficient way to bring WUS closer to its binary template value is to have a steep cytokinin gradient, where the sink has an important impact.
The Hill function describing the WUS domain can, however, accommodate much less steep gradients, resulting from weaker sinks ( Figure S7 ). We tested three cytokinin gradients in 1D models of WUS expression (where we only consider cytokinin as an activator and AHK repressor as a repressor). For a range a Hill coefficients, we show that both shallow and sharp cytokinin gradients can produce correct WUS domains, shallow gradients do, however, require higher Hill coefficients than steep gradients. Despite considering a strong sink may better reflect the meristem biology, WUS expression can be described without a sink, and the model conclusions are not dependent on the specific boundary condition implemented. Note, while the steepest gradient resembles our optimised gradient, the middle panel, showing a less steep gradient, more resembles the gradient suggested in a previous study, where the tissue The interaction of transcription factors controls they J Gruel et al.
was extended to a larger part of the plant (approximating a non-sink boundary, 16 ). Finally, the last panel shows that an even shallower gradient will allow a WUS domain to be specified.
We further explored the impact of the sink on the rest of the model. To ease the comparison with previous figures, we fixed the cytokinin and AHK repressor gradients to the values used for Fig. 1d (pocket repressor), Fig. 3 and Fig. 6a . For all the other diffusing molecules in the system, we replaced the sink with a no flux boundary condition; these molecules are effectively "trapped" in the meristem and cannot diffuse to the tissues below. Even in this extreme scenario, opposing a sink, we could optimise the system and obtain parameter sets for each of the three categories described in the rest of the manuscript ( Figure S8) .
Altogether, these simulations show that the model is robust to the boundary condition selected to represent the connection between the meristem and the tissues below.
DATA AVAILABILITY
Microscopy stacks for the pHAM1::YPET-N7 and pHAM2::YPET-N7 reporter lines can be found at: https://doi.org/10.17863/CAM.23438. Software for all the algorithms described and the resulting optimised parameter values are available at: http:// gitlab.com/SLCU/TeamHJ/Jeremy/ham.
